Abstract. We studied developmental reproduction of male golden hamsters (Mesocricetus auratus) by determining hormone secretion, observing morphological changes including distribution of immunoexpression of inhibin α subunit, 3β-hydroxysteroid dehydrogenase (HSD), and investigating sperm head count from birth to adulthood. Immunoexpression of inhibin α subunit was found in interstitial cells of not well organized testes of neonatal animals, and positive staining was also found in Sertoli cells in developing animals. However, the intensity of immunostaining in Sertoli cells varied when the spematogenic cycle of the seminiferous epithelium began. Testosterone levels in the plasma and testicular contents of testosterone and immunoreactive (ir)-inhibin increased from around 25 days of age, about 10 days before the presence of the first sperm in the testis. On the other hand, plasma concentrations of ir-inhibin progressively increased from birth to 10 days of age, when it reached peak levels. A reciprocal pattern of change between plasma concentrations of ir-inhibin and FSH was found from 10 days of age. Plasma concentrations and pituitary contents of LH increased from 15 days of age and reached adult levels about 40 days of age. The present results suggest that inhibin is an important factor in the regulation of FSH secretion even in infant male golden hamsters, and the regulated FSH may control the increasing the number of germ cells. Inhibin might be not the only endocrine factor as the regulator of FSH secretion, but also a paracrine or autocrine factor which is involved in spermatogenesis in the golden hamster. Key words: Inhibin, Hamster, Development, Testis (J. Reprod. Dev. 48: [343][344][345][346][347][348][349][350][351][352][353] 2002) arly 20 th century experiments, which were the initial proposal for the existence of inhibin, showed that destruction of the germinal epithelium by irradiation caused hyperfunction in the absence of atrophy of the second sex glands [1] , and that injection of aqueous testicular extracts to castrated rats prevented the appearance of enlarged "castration cells" in the pituitary [2, 3] . These
results suggested the existence of a feedback system between the germinal epithelium and pituitary function, which was not mediated by androgens. Therefore, many investigators have believed that the Sertoli cell is a major source of inhibin and that the alteration of Sertoli cell function is related to changes in inhibin production, and subsequently causes changes in FSH secretion. However, the importance of inhibin in males for the regulation of FSH secretion is not well understood. Some investigators demonstrated that high levels of testosterone are more important than inhibin for controlling FSH secretion in male animals. The number of Sertoli cells usually does not change in rats and mice under normal conditions after sexual maturation, and amounts of inhibin secretion should therefore be stable. Furthermore, the number of Leydig cells, which should be the main source of plasma androgens, is also not altered in adult rats and mice under normal conditions. Therefore, it is difficult to study the influence of inhibin and testosterone on gonadotropin secretion by finding reciprocal changes between these gonadal hormones and gonadotropins in sexually matured male rats and mice under normal conditions. One good method of demonstrating the physiological roles of inhibin and testosterone in male animals in the regulation of gonadotropins is to monitor peripheral blood levels of gonadal hormones and gonadotropins during development, because dynamic alteration of the number and character of testicular cells, Sertoli and Leydig cells, occurs, and inhibin and testosterone secretion should change drastically. By monitoring plasma levels of immunoreactive (ir)-inhibin and FSH during development in the male rat, Ackland and Schwartz [4] showed that there is a reciprocal relationship between inhibin and FSH at all ages in male rats, suggesting inhibin physiologically regulates FSH secretion in male rats.
On the other hand, Vomachka and Greenwald [5] d e t e r m i n e d c h a n g e s i n s e r u m l e v e l s o f gonadotropins and androgens during sexual maturation in the male golden hamster, and they demonstrated drastic changes in plasma levels of gonadotropin, dependent on development stage. It is conceivable that inhibin controlls FSH secretion in male golden hamsters like rats during sexual maturation. Inhibin is mainly produced by gonads and suppresses FSH secretion from the pituitary gland in adult female [6, 7] and male [8] golden hamsters. In adult male golden hamsters, inhibin was produced by not only Sertoli but also by Leydig cells, and the intensity of immunostaining for the inhibin α subunit varied in the seminiferous tubules [8] .
In the present study, we determined plasma l e v e l s o f i m m u n o r e a c t i v e i n h i b i n d u r i n g development in male hamsters and tried to clarify the function of inhibin in the regulation of FSH secretion in developing male hamsters. We also studied the cellular sources of inhibin using an immunohistochemical technique. Futhermore, the interrelationship of testicular function and inhibin was also investigated by determination of testosterone secretion, sperm head count and testicular weight, and by studying morphological c h a n g e s i n s e m i n i f e r o u s t u b u l e s d u r i n g development in male golden hamsters.
Materials and Methods

Animals
Newborn male golden hamsters (Mesocricetus auratus) were obtained from animals raised in the Laboratory of Veterinary Physiology, Tokyo University of Agriculture and Technology. The day of birth was designated as 0 days of age. The litter of each mother was adjusted to 8 pups on day one after birth. Newborn animals were kept with their mothers until 21 days of age, and then males were kept 6-8 animals per cage. All animals were kept under controlled temperature and lighting (lights on from 0500 to 1900 h).
Experimental design
Animals were decapitated and blood samples were collected into individual heparinized centrifuge tubes. Blood samples obtained from each group of animals between days 0 to 20 of age were pooled for 3-10 animals, depending on their body weight, and at least 3 pool samples were obtained from each age group. After 25 days of age, blood samples were obtained from individual animals. Blood samples were centrifuged immediately, and plasma was separated and stored at -20 C until assayed. The pituitary and testes were removed from each animal and weighed. Then the pituitary and one side of the testes were stored in saline at -20 C until assayed. The other side of testes without tunica albuginea were soaked in 10 ml saline for sperm head count and hormone assays. The other side of the testes were fixed with 4% paraformaldehyde in 0.05 M PBS pH 7.4 for morphological and immunohistochemical study.
Testicular sperm head counting
Changes in spermatogenesis in the testis were examined by the method of Meistrich [9] . In brief, testes without tunica albuginea was homogenized in 10 ml saline by a homogenizer (Physcotron; Nition Irikakikai, Tokyo, Japan) for 10 sec, and then sonicated ( UR200P; Tomy, Tokyo, Japan) for 3 min on ice. One drop of emulsion extract was placed on a hematocytometer after adequate dilution in saline, and sperm heads were then counted under a phase contrast microscope. The remaining extracts were centrifuged at 38,000 × g for 30 min at 4 C, and the supernatants were stored at -20 C for hormone assay.
Histology and immunohistochemistry
Fixed testis was dehydrated through a series of graded concentrations of ethanol and xylene, and embedded in paraffin. The paraffin-embedded testes were serially sectioned at 6 µm thickness and placed on poly-L-Lysine coated slide glasses. Hematoxylin and eosin (HE) staining was carried out for general histological analysis. For the histochemical analysis, immunostaining was performed as described previously [8, 10] . After autoclaving the sections in 0.01 M sodium citrate buffer to expose the epitope for each antiserum [11] , sections for immunohistochemistry were incubated in 3% H2O2 in methanol at room temperature for 30 min followed by 0.05 M TrisHCl pH 7.6 containing 0.15 M NaCl (TBS) at 37 C for 1 h to quench endogenous peroxidase activity. Thereafter, the sections were incubated in Block Ace (Dainippon Pharmaceutical, Osaka, Japan) at 37 C for 30 min in a humidified chamber to control nonspecific reactions. Following these processes, the sections were incubated for 16 h at 37 C with the primary antiserum against inhibin α subunit diluted 1:4,000, or the antibody against 3β-hydroxysteroid dehydrogenase (3β-HSD) diluted to 5 ng/ml in TBS containing 10% Block Ace overnight at 37 C. After a wash with TBS, the sections were incubated with 0.5% biotinylated goat anti-rabbit second antibody (Elite ABC kit; Vector Laboratories, Burlingame, CA, USA) diluted in TBS containing 10% Block Ace at 37 C for 1 h. . This antibody recognizes rat type I, II, and III 3β-HSDs, as well as the human type I and II isoforms [12] . Both HE-stained and immunostained sections were analyzed under light microscopy.
Hormone assays
Pituitary contents and plasma concentrations of each hormone were determined by specific radioimmunoassays (RIAs) as follows. FSH and LH were measured using National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) kits for rat FSH and LH, as described previously [13] . Iodinated preparations were rat FSH-I-8 and LH-I-9. The antisera used were antirat FSH-S-11 and LH-S-10. Results were expressed in terms of NIDDK rat FSH-RP-2 and LH-RP-2. The intra-and inter-assay coefficients of variation were 4.4 and 14.6% for FSH, and 6.7 and 8.9% for LH, respectively.
Testicular contents and plasma concentrations of immunoreactive (ir)-inhibin were determined as described previously [14, 15] . The iodinated preparation was 32 kDa bovine inhibin purified by our laboratory, and the antiserum used was rabbit antiserum against bovine inhibin (TNDH-1). Results were expressed in terms of 32 kDa bovine inhibin. The intra-and inter-assay coefficients of variation were 8.8 and 14.4%, respectively.
Testicular contents and plasma concentrations of testosterone were determined by a doubleantibody RIA system with 125 I-labeled testosterone as described previously [16] . The antiserum against testosterone [17] was kindly provided by Dr. G. D. Niswender, Colorado State University (Fort Collins, CO, USA). The intra-and inter-assay coefficients of variation were 6.3 and 7.2%, respectively.
Statistics
Data of plasma concentrations were expressed as mean ± SEM of pooled samples from several animals, when the animals were less than 25 days of age. Other data were also expressed as mean ± SEM of five individual animals. The significance between two means was determined by Student's ttest or the Cochran-Cox test. A value of P<0.05 was considered statistically significant.
Results
Changes in body and testicular weight, and sperm head count (Fig. 1)
Body weights gradually increased from 1 to 10 days of age, and then greatly increased until 50 days of age. Thereafter, growth of body weights was fairly suppressed and the weights reached those of adult levels around 60 days of age.
Only a small growth rate of testicular weight was observed from 1 to 15 days of age, then testicular weight progressively increased from 20 to 55 days of age (p<0.05). A small suppression of the growth rate was found from 55 days of age, but further growth continued until 70 days of age (p<0.05).
No sperm heads were observed until 30 days of age, and their count gradually increased from 30 to 40 days of age, followed by an abrupt increase from 40 to 45 days of age. Sperm head counts remained constant from 45 to 60 days of age, then further increased at 70 days of age. (Fig. 2) On day 0 of age, prospermatogonia were observed with round or low colum shaped Sertoli cells randomly distributed in some sex cords. Prospermatogonia were sorrounded by groups of low column shaped Sertoli cells in other sex cords (a). Many interstitial cells were present in intertubular spaces, but they were not well organized. Clear immunostaining of inhibin α subunit was present in some interstitial cells, but not in Sertoli or germ cells (b). The inhibin α subunit positive cells were also positive for 3β-HSD (c). Although lots of interstitial cells were found in intertubular spaces, most of the cells were immunonegative for both inhibin α subunit(b) and 3β-HSD(c).
Morphological changes and localization of inhibin α subunit and 3β-HSD
On day 5 of age, all prospermatogonia were surrounded by low column shaped Sertoli cells, and located centrally in the sex cords (d).
Interstitial cells began to be organized, and some of them came into contact with the sex cord. Immunopositive reaction of inhibin α subunit, but not 3β-HSD, began to appear in Sertoli cells on day 5 of age, although it was slight. Some interstitial cells also had positive reactions for both inhibin α subunit and 3β-HSD (e, f). Until day 15 of age, prospermatogonia were in contact with the basement membrane of the sex cord (g). Most of the interstitial cells were organized like adult morphology, and interstitial spaces appeared clear. An immunopositive reaction for inhibin α subunit was evident in Sertoli cells (h). There was no difference among the intensities of immunoreaction of the sex cords, and the intensity of immunoreaction for inhibin α subunit in Sertoli cells was strongest on day 15 of age. Immunopositive reaction for inhibin α subunit in interstitial cells was still evident at this age and those cells also showed an immunopositive reaction for 3β-HSD as well, similar to that seen in younger animals(i).
On day 25 of age, differentiated germ cells, spermatocytes, and irregular shaped-Sertoli cells were found in seminiferous tubules, and the diameter of the seminiferous tubule had clearly increased (j). Interstitial cells were well organized t h e a n d i n t e r s t i t i a l s p a c e w a s c l e a r . Immunopositive reactions of inhibin α subunit were found in both Sertoli cells and interstitial cells, similar to those seen in younger animals(k).
B e t w e e n 2 5 a n d 4 0 d a y s o f a g e , t h e spermatogenic cycle began, and varied stages of seminiferous tubules were found at 40 days of age (m). Although the immunopositive intensity of inhibin α subunit in interstitial cells (n), which were also positive for 3β-HSD (o), was uniform, the intensity of the immunostaining of the inhibin α subunit in Sertoli cells of each seminiferous epithelium cycle varied. Especially, Sertoli cells in seminiferous tubules of stage V-VII (which was classified by Clermont; 1974) was less than those of stage VIII-I which showed a somewhat strong positive reaction.
On day 60 of age, the diameter of seminiferous tubules had fully increased, and the morphological appearance looked adult (p). The results of immunostaining of inhibin α subunit (q) and 3β-HSD (r) were the same as those of 40 days of age animals. (Fig. 3) B o t h t e s t i c u l a r c o n t e n t s a n d p l a s m a concentrations of testosterone hardly increased from birth to 15 days of age. Thereafter they gradually increased until 45 days of age, followed by an abrupt increase at 50 days of age (p<0.05), and reached maximal levels between 50 and 60 days of age. Then, they decreased to adult levels until 70 days of age.
Testicular contents and plasma concentrations of testosterone and ir-inhibin
On the other hand, plasma concentrations of irinhibin rapidly increased from birth to 10 days of age (p<0.05), although the testicular contents hardly increased at all from birth to 20 days of age. Testicular contents of ir-inhibin abruptly increased from 25 days of age to 30 days of age (p<0.05) and reached adult levels on 40 days of age. A small decreasing tendency of plasma concentrations of irinhibin was found after maximal levels were reached between 10 and 15 days of age, and the plasma levels of ir-inhibin reduced to the levels of adult male golden hamsters around 30 days of age.
Pituitary contents and plasma concentrations of LH and FSH (Fig. 4)
Pituitary contents and plasma concentrations of LH gradually increased from birth to 15 days of age, and progressively increased from 20 days of age onward. Thereafter, pituitary contents of LH reached maximal levels at 50 days of age, then decreased to adult levels until 70 days of age. Plasma concentrations of LH reached maximal levels at 35 days of age. Thereafter, a decreasing tendency of plasma concentrations of LH was found. Plasma concentrations of LH declined to adult levels by about 50 days of age.
The changing pattern of pituitary contents of FSH was close to that of LH during the ontogeny of the male golden hamster. Pituitary contents of FSH gradually increased from birth to 15 days of age, and elevated rapidly after 20 days of age. The maximal levels of pituitary FSH were found around 45 days of age, and thereafter decreased to adult levels until 70 days of age. A small increase in plasma FSH was found from birth to 10 days of age, then plasma concentrations of FSH slightly decreased until 15 days of age, followed by an abrupt increase at 20 days of age (p<0.05) and further increases until maximal levels were reached between 30 and 40 days of age. Thereafter, plasma FSH decreased to adult male levels until 70 days of age.
Discussion
In the present study, we studied developing testicular function by studying the changing pattern of immunohistochemical localization of inhibin α subunit and 3β-HSD in the developing testis, and by determining ir-inhibin and testosterone secretion during the ontogeny of male hamsters. We also determined gonadotropin secretion during the development of the male hamster. Inhibin α subunit and 3β-HSD were only localized in interstitial cells in neonatal golden hamster testis in the present study, as well as in our previous rat study [18] . However, positive staining for inhibin α subunit in interstitial cells did not disappear with development in golden hamster testes, unlike rat testes [18] . As described in our previous papers [8, 19] , interstitial cells stained by inhibin α subunit antiserum were also stained by 3β-HSD, indicating that those cells are Leydig cells in adult animals. These findings suggest that the Leydig cell is a possible source of testicular inhibin from birth to adulthood in male golden hamsters.
Immunoexpression of inhibin α subunit in Sertoli cells was found on 5 days of age and the intensity was uniform among the seminiferous tubules.
After the beginning of the spermatogenic cycle in seminiferous tubules, however, the intensity of the immunopositive reaction for inhibin α subunit in individual seminiferous tubules varied. The positive staining for inhibin α subunit in Sertoli cells of some seminiferous tubules containing spermatozoa (stage V-VII) was clearly less, or absent, than those of other stages. In our previous paper using adult male golden hamsters, we also found a less positive reaction for inhibin α subunit in seminiferous tubules containing spermatozoa [8] . Futhermore, the same findings were observed in a rat study [20] . These findings suggest that inhibin or its related proteins are closely involved in spermatogenesis.
The changing pattern of plasma concentrations of ir-inhibin is different from that of testicular contents of ir-inhibin during sexual maturation, a l t h o u g h p a r a l l e l i n c r e a s e s o f p l a s m a c o n c e n t r a ti o n s a n d t e st i c ul a r c o n t e n t s o f testosterone were found with developing age.
During the first 10 days, a rapid increase of plasma ir-inhibin was observed, when only slight increases of testicular contents of ir-inhibin were observed. We do not know the clear reasons why this discrepancy between changing patterns in plasma concentrations and testicular contents of irinhibin occurred. One possible explanation is that the clearance rate of ir-inhibin might be low during this infant period and ir-inhibin might be accumulated in the plasma. A progressive c l e a r a n c e r a t e o f i n h i b i n w i t h a g e w a s demonstrated in a previous study of developing ram lambs [21] . Another possible explanation is that there might be sources of ir-inhibin other than the testis and the extragonadal tissues might secrete high amounts of inhibin in the early infant stage. In previous studies, gene expression of inhibin was demonstrated in extragonadal organs, such as the pituitary or adrenal glands [22] [23] [24] . Therefore, it is conceivable that there are extragonadal sources of ir-inhibin in the golden hamster. It is also possible that testicular release of ir-inhibin is large but it is not accumulated in the testis. Plasma ir-inhibin slightly decreased after the first rapid elevation, although testicular co n t e n t s of i r -i n hi bi n progressively increased from around 20 days of age. This discrepancy between plasma and testicular ir-inhibin would be connected with the change in vectorial release of inhibin. Reciprocal changes between plasma FSH and irinhibin were found from 10 days of age to adulthood (70 days of age), suggesting that inhibin is important for controlling FSH secretion in very young to adult male golden hamsters. The importance of inhibin for regulating FSH secretion in adult male golden hamsters was reported previously [8] . It is not surprising that inhibin is an important factor for FSH secretion in infant animals, since the importance of inhibin for controlling FSH secretion in young males has already been described in previous papers using rats [4, 25] . The effect of plasma ir-inhibin on pituitary contents of FSH was not clear in the present study, although slight reciprocal changes between plasma ir-inhibin and pituitary FSH contents were found after 50 days of age, but we do not know the reason at present. One possibility is that inhibin is more effective on FSH release than production during the prepubertal period. As FSH generally stimulates the proliferation of germ cells, FSH in plasma regulated by inhibin may be important for controlling the number of germ cells from immature to mature animals. There is a r e p o r t t h a t F S H s e c r e t i o n i n c r e a s e d a n d subsequently the number of sperm increased after immunizing against inhibin in bovine [26] . These results suggest that inhibin is an important factor for FSH secretion in the male hamster from birth to adulthood.
Changing patterns of plasma concentrations and testicular contents of testosterone, but not irinhibin, corresponded to these of testicular weights, suggesting that testosterone is involved in testicular development. Although it is thought that LH stimulates testosterone secretion in male animals, plasma and testicular testosterone progressively increased about 10 days after the abrupt increase of plasma LH at 25 days of age in the present study. A similar result was described by Vomachka and Greenwald [27] . They tried to explain the finding using a proposition from a previous rat study [28] , and speculated that FSH induces LH receptors at first and subsequently testicular testosterone output [27] . On the other hand, Ariyaratne and Mendis-Handagama [29] demonstrated that testicular production of testosterone in vitro kept low levels until 40 days of age, and progressively increased until 60 days old in the developing rat. They discussed the absence of change in the absolute volume of fetal Leydig cells per testis from birth to 14 days of age, when adult type Leydig cells are not present, and concluded that it was responsible for keeping production of testosterone low during the period [29] . Furthermore, they also concluded that testosterone production per testis was maintained by increment of adult type Leydig cells from 21-28 days of age, although the absolute volume of fetal Leydig cells decreased during the period: testosterone production would be progressively elevated as the number of adult type Leydig cells increased. We do not know whether it is also true for golden hamsters, but it would explain the testosterone production lag of around 10 days.
Sperm head count increased gradually from 35 days of age, and agreed with a previous report that showed the establishment of spermatogenesis in the seminiferous tubules of the developing golden hamster [30] . In the present study, the first sperm appeared after elevation of testosterone production stimulated by ascending plasma concentration of LH under high plasma FSH levels. This also agrees well with the general consideration of the beginning of spermatogenesis. Testicular contents of ir-inhibin also rose suddenly when sperm head count increased. This is another finding indicating that inhibin or its related peptides are involved in sperm production during hamster development.
In conclusion, inhibin appears to play an important role in the regulation of FSH secretion in the male golden hamster from early life to adulthood. Inhibin production of Sertoli cells may be involved in the specific point of spermatogenesis during puberty, and testosterone from Leydig cells stimulated by LH may regulate the later part of spermatogenesis in the male golden hamster.
